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Appendix

Mobility and contact rates

We analysed the relationship between mobility indices for England from the Google
Community Mobility report! and surveyed social contact rates from the POLYMOD study? and
the CoMix study?.

Specifically, we conducted an exploratory analysis to determine which mobility indicators, if
any, could be used to predict social contact rates—in home, work, school, or other settings—
on a given day. We could not identify a convincing relationship between mobility indices and
interpersonal contact in the home or school settings, which were better predicted by simple
step functions following the first imposition of lockdown measures in England and school
closures. We did, however, identify a clear relationship between workplace contacts reported
in CoMix and the “workplace visits” indicator of Google Mobility, and between “other” contacts
in social contact surveys and the “retail and recreation”, “grocery and pharmacy”, and “transit
stations” indicators of Google Mobility. We characterised these relationships by fitting
generalised additive models (GAM) of workplace and of “other” contacts to Google Mobility
indicators using the R package mgcv*, using workplace visits in Google Mobility as the
predictor for workplace contacts in CoMix and using a weighted average of “retail and
recreation”, “grocery and pharmacy” and “transit station” visits in Google Mobility as the
predictor for “other” contacts in CoMix. The optimal weighting of these three indicators was
identified by optimising coefficients over the 3-simplex (i.e., 3 non-negative numbers summing
to 1) to achieve the maximum deviance explained in the generalised additive model. Baseline
levels of contact (those applying in the model prior to the first lockdown in March) were taken
from the POLYMOD survey that collected contact data from the UK in 20062. The changes in
home and school contacts as a result of lockdown and school closures, and the relationship

between workplace and other contacts and Google Mobility data is shown in Fig. S1.

We found that the average daily number of home contacts was well described by a step
function transitioning from an average of 3.89 home contacts before March 23rd (the date of
the first lockdown in the UK) to an average of 1.54 home contacts after March 23rd, with no
evidence for substantial changes in the daily number of home contacts following an initial
reduction in home contacts coinciding with the first lockdown in the UK (Fig. S1a). The average
daily number of school contacts was well described by a step function transitioning from an
average of 5.67 school contacts among individuals 18 or younger while schools were open,
and zero school contacts when schools were closed (Fig. S1b). The average daily number of
work contacts was well approximated by an approximately linear function of the number of
“‘workplace” visits in the Google Mobility dataset, averaged across regions of England,
extending from zero workplace contacts when workplace visits were at 23% of the baseline
rate or lower, to 2.65 workplace contacts when workplace visits were at 100% of the baseline
rate (Fig. S1c). Finally, the average daily number of “other” contacts was well approximated
by a curved function of a weighted combination of transit station visits (44.5%), retail and
recreation visits (34.5%), and grocery and pharmacy visits (21.0%; Fig. S1d). The particular
functions for work and other contacts were obtained using thin-plate regression using the mgcv
R package®, while the coefficients used to weight transit station, retail and recreation, and



grocery and pharmacy visits were obtained by optimising a thin-plate regression model for
maximum deviance explained over the 3-simplex of potential coefficients summing to 100%.
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Fig. S1. Analysis of social contact rates during the SARS-CoV-2 epidemic in England.
We illustrate the results of our analysis of social contact rates using the POLYMOD and CoMix
contact surveys in the UK, using either the calendar date (a, b) or Google Community Mobility
indices (c, d) as predictors. Shown are the obtained functions describing (a) home contacts
(all individuals), (b) school contacts (among individuals 18 years of age or under), (c) work
contacts (among individuals 18 to 65 years old), and (d) other contacts (among all individuals).
Each point for CoMix represents an aggregated two-week period. For school contacts, some
survey respondents in weeks 36—39 were reporting contact with all members of their class
instead of conversational/physical contacts only, resulting in an illusory spike in contact rates
at the beginning of the school year; the half-term break in week 43 resulted in fewer school
contacts for the week 42—43 data point.

Impact of tiered restrictions (Alert Levels 1-3)

On October 14, 2020, the UK government announced a system of “Alert Level” tiered
restrictions to be applied at the local authority level depending upon the local burden of
disease. To estimate the impact of these tiered restrictions, we analysed how Google
Community Mobility indicators in each region under restrictions (i.e., those in Tier 2 or Tier 3)
changed relative to the regions without additional restrictions (i.e., those in Tier 1). We began
by isolating Google Community Mobility indicators as a time series extending from 1
September to 27 October 2020, the most recent data available relating to tiered restrictions at
the time of the analysis. There were 2,112 trend lines in total, representing six indicators for
residential, workplace, park, grocery and pharmacy, retail and recreation, and transit station



visits for each of 352 local regions tracked by Google Community Mobility in England. There
was a substantial day of week effect in all trend lines, which we removed by fitting a
generalised additive model to estimate the weekday effect using the mgcv R package, fitting
a cyclic spline with 7 knots — one for each day of the week — to each trend line (i.e., for each
region and indicator available), and then subtracting this effect from each trendline. We then
estimated a national trend for each of the six indicators using a generalised additive model
with thin-plate spline regression and subtracted this national trend from the trend lines with
weekday effects removed. Finally, for each trend line, we estimated a “baseline” value by
taking the mean mobility index over the last seven days of data prior to the start of tiered
restrictions, i.e. from 7 to 13 October 2020. We estimated the effect of each tier on mobility
indices by comparing, for each region and mobility indicator, the difference between the
baseline value and the mean mobility index over all days for which the region was under a
given tier. This yielded 299 point estimates of the impact of Tier 1 relative to baseline, 104
point estimates of the impact of Tier 2 relative to baseline, and 35 estimates of the impact of
Tier 3 relative to baseline, for each of the six mobility indicators (Fig S2). We used the mean
difference between Tier 2 and Tier 1 and the mean difference between Tier 3 and Tier 1 in
these point estimates as a measure of the impact of Tiers 2 and 3 on mobility.
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Fig. S2. Impact of tiered restrictions on mobility indices as measured by Google. Points
show the individual within-region estimates of the impact of each tier relative to a pre-tiers
baseline, with violin plots showing the distribution of points. Labelled values represent the
difference between the mean of each respective tier effect and the mean of the tier effect for
Tier 1, which we use to estimate an impact on mobility for Tiers 2 and 3 relative to Tier 1. Note
that the Parks and Residential mobility indices are not used to inform changes in contact rates
in our analysis.



Impact of lockdown restrictions

In order to estimate the potential impact of lockdown restrictions in England, we used Google
Community Mobility indices to estimate the impact of lockdown restrictions that were imposed
in Northern Ireland from 16 October 2020 and in Wales from 23 October 2020. Additionally,
after this analysis was originally conducted, we used the same methodology to estimate the
impact of the lockdown as enacted in England. We began by averaging across the mobility
indices for each local region in Northern Ireland, Wales, or England, weighting each local
region by population, to obtain an overall series of daily mobility indices for each country.
Then, we selected a week’s worth of data to use as a baseline for comparison for each
country’s lockdown; the baseline periods were 9-15 October for Northern Ireland, 16—22
October for Wales, and 17-22 October for England. To analyse mobility changes during the
lockdown periods, we focused on 17-30 October for the circuit breaker in Northern Ireland,
24 October—6 November for the firebreak in Wales, and 5-25 November for the lockdown in
England, subtracting each within-lockdown day’s mobility indices from the mobility indices
measured for the corresponding weekday during the baseline period. Matching by weekday
in this manner allowed us to control for day-of-week effects; we chose a baseline period for
England further back in time relative to the lockdown than we did for Northern Ireland and
Wales so that the baseline period in England would not overlap with the half-term school break
during 24 October — 1 November. The average difference for each indicator and country was
assumed to capture the impact of lockdown restrictions (Fig. S3). We found a substantially
greater impact of lockdown restrictions in Wales compared to Northern Ireland, with the
retrospectively analysed lockdown in England having an intermediate effect between the two.

Imposition of tiered restrictions

Regarding our analysis of tiered restrictions in England, UK government guidelines state that
a local authority will be considered for admission to Tier 2 when the incidence of cases (as
detected by tests administered by the NHS (Pillar 1) and commercial partners (Pillar 2))
exceeds 100 new cases per 100,000 population over a period of one week. There is no official
guidance on the threshold needed to progress to Tier 3, but inspection of the seven-day case
rates in regions that were placed under Tier 3 restrictions suggests a threshold of
approximately 300 cases per 100,000 population over a seven-day period. Using ONS
estimates for viral prevalence, we estimated that approximately 1 in 7 SARS-CoV-2 infections
in the UK is detected by Pillar 1 or Pillar 2 surveillance. We fixed model thresholds for
progressing into Tiers 2 or 3 at 700 new infections per 100,000 population and 2,100 new
infections per 100,000 population over a seven-day period, respectively. In keeping with stated
UK government guidelines, we assumed that tier classifications would be reviewed after 28
days for potential downgrading of a tier (i.e. from Tier 3 or Tier 2 to a lower tier). However, we
assumed that regions could move into a higher tier immediately if they passed the threshold
for a higher tier before the 28-day review period had passed.

When simulating the impact of tiered restrictions and lockdown on transmission dynamics, we
use both the mean estimated impact for each mobility index as well as the standard error of
each impact. When running simulations, we draw normally-distributed random numbers for
each run of the simulation to incorporate this uncertainty, and apply these to the estimated
impacts of each type of restriction. For example, if the random number is +1 for Tier 2, then
we add one standard error to each mobility indicator whenever a region is under Tier 2



restrictions. We assume that these errors are correlated across mobility indicators within a
given restriction, i.e., if the effect of Tier 2 on workplace contacts is overestimated by one
standard error, we assume that the effect of Tier 2 on grocery and pharmacy contacts is also
overestimated by one standard error, but uncorrelated between Tier 2, Tier 3, and lockdowns.
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Fig. S3. Estimated mean change in mobility indices following lockdown restrictions imposed
in Northern Ireland, Wales, and England, relative to the first full day of lockdown (day 0).
Average mobility indices for each country are shown using fine lines, while thick horizontal
lines show the average mobility indices for pre-lockdown and lockdown periods. The vertical
dashed line marks the first full day of lockdown. Labelled numbers in parentheses show the
relative change for each mobility index between pre-lockdown and lockdown. Note that the
Residential mobility index is not used to inform changes in contact rates in our analysis.



Sensitivity analyses with waning immunity and seasonal patterns of transmission

As a sensitivity analysis, we estimated how the effect of interventions might vary under a
scenario with a seasonal increase in contact rates and/or with waning immunity to reinfection
by SARS-CoV-2. In both cases, we assumed that seasonal increases or waning would start
only on 1 October 2020 and carry forward for the rest of the simulation. We assumed that
seasonal changes in contact rates were uniform across age groups and followed a sinusoidal
curve with an amplitude of 10% (i.e. peak-to-trough difference of 20%), peaking on 1 January
2021, and that waning immunity followed an exponential distribution with an average duration
of protection of 40 weeks; estimates for seasonality and waning are adopted from a previous
studys®.

PCR positivity

We obtained estimates for the probability of testing PCR positive on a given day since infection
from an unpublished study which included both symptomatic and asymptomatic individuals.
We assumed that the time from infection to PCR positivity and the time from PCR positivity to
loss of PCR positivity were uncorrelated, and could each be described by a separate gamma
distribution with a mean and shape parameter to be estimated. Adopting uniform priors for the
mean and shape of both gamma distributions, we performed Bayesian inference using MCMC
to estimate the parameters of both gamma distributions, which yielded an average duration of
PCR positivity of 8.5 days.

Model fitting

To fit the model to data on deaths, hospital admissions, hospital bed and ICU bed occupancy,
PCR positivity, and seroprevalence for each of the 7 NHS England regions, we performed
Bayesian inference using Markov chain Monte Carlo, employing the Differential Evolution
MCMC algorithm’. For each posterior sample, we simulated epidemics from 1 January to 24
October 2020, using data that were current as of 23 October 2020. We used Google
Community Mobility data up to 13 October 2020, the day before the implementation of tiered
restrictions in England, to capture how interpersonal contact rates changed over the course of
the epidemic, as detailed above; from 14 October 2020, we assumed that mobility indicators
were “frozen” at their mean values for each region as measured over the week of 10-16
October, with further changes dictated by the introduction of tiered restrictions and lockdowns,
as well as sinusoidally varying seasonal changes in transmission rates for sensitivity analyses
with seasonally-varying transmission.

For deaths, hospital admissions, hospital bed occupancy and ICU bed occupancy, we used a
negative binomial likelihood with size parameter fixed at 20 for each daily data point. For
seroprevalence and PCR prevalence, we used a skew-normal likelihood for each data point
fitted to produce the same mean and 95% confidence interval as was reported for the data
and took the expected value of the model prediction over the date range during which the
prevalence was measured.

As part of model estimation, we separately fit for each region: the start time of community
transmission; the basic reproduction number Ro prior to any changes in mobility or closure of
schools; the delay from infection to hospital admission, to ICU admission, and to death; a



region-specific relative probability of hospital admission and of ICU admission given infection;
the relative infection fatality ratio at the start and at the end of the simulation period, as fatality
due to COVID-19 has dropped substantially over time in the UK; a decreasing rate of effective
contact between individuals over time, representing better practices of self-isolation and
precautions against infection taken by individuals over the course of the year; coefficients
determining the relative mobility of younger people, around age 20, relative to the rest of the
population, for the months of July, August, and September onwards; and the magnitude and
timing of a boost to Ry around the end of summer, which we hypothesise is related to the
opening of schools, but which was not fully captured in our model by the resumption of school-
specific contacts on 1 September. Full details of all fitted parameters, along with prior
distributions assumed for each parameter, are in Table S1.

We use two parametric functions extensively in parameterising the model. The first,

logistic(x) = (exp x)/(1 + exp(x))

is the standard logistic curve. The second,

asc(x, Yo, Y1, S0, 1)
= Yo + (y1 — yo)(logistic(s,
+ x(s1 — S¢)) — logistic(sy))/(logistic(s;) — logistic(sy))
is a logistic-shaped curve parameterised to be a smooth S-shaped function of x from 0 to 1,
which goes from yp at x = 0 to y; at x = 1, with an inflection point at x = -So/(-So + S1) if So < 0
and s; > 0.

Basic epidemiological parameters were broadly informed from the literature and previously
reported. We assumed an average incubation period for SARS-CoV-2 of 5 days®, an average
infectious period of 5 days®, with roughly half of transmission from symptomatic individuals
occurring before symptom onset'® and an age-specific susceptibility to infection according to
a previously-published analysis of case data from 6 countries!!. Note that while we assume
that an individual’s infectiousness is constant over the duration of their infectious period, when
averaged over the population of all individuals, for which the duration of infectiousness is
drawn from a distribution, the peak of infectiousness occurs around the onset of symptoms,
as has been suggested by studies of SARS-CoV-2 transmission?® (see Assumptions around
peak of infectiousness, below). All parameters that we adopted as assumptions are given in
Table S2.

Projections for lockdown as enacted in England

At the end of November, we assessed the actual impact of the English lockdown on observed
mobility and used these estimates to update our projections (see Impact of lockdown
restrictions, above). The projected impact of the English lockdown on estimated cumulative
deaths over the winter period, hospital pressure and time spent under different restrictions are
similar to our base-case analysis, but the lower impact of the lockdown means that the
distinction between the different policies (in terms of timing and duration) is less marked (Figs.
S4, S5).



Table S1. Details of fitted parameters.

Parameter Description Prior distribution Notes
ts Start date of epidemic in days ~ uniform(0,60) Determines date at which seeding begins in
after 1 January 2020 region; starting on this date, one random
individual per day contracts SARS-CoV-2 for
28 days
u Basic susceptibility to infection Determines basic reproduction number Rq

death mean

death shape

admission

icu_admission

hosp_rlo

icu rlo

cfr rel

cfr rel?

contact final

contact_s0

Mean delay in days from start of
infectious period to death

Shape parameter of gamma
distribution for delay from start of
infectious period to death

Mean delay in days from start of
infectious period to hospital
admission

Mean delay in days from start of
infectious period to ICU
admission

Log-odds of hospital admission,
relative to age-specific
probabilities of hospital
admission given infection
derived from Salje et al. [REF].

Log-odds of ICU admission,
relative to age-specific
probabilities of ICU admission
given hospital admission derived
from CO-CIN data.

Relative fatality rate of COVID-
19 at beginning of 2020

Relative fatality rate of COVID-
19 at end of 2020

Relative rate of effective contact
at end of 2020

Parameter for curve specified by
contact final

~ normal(0.07,0.01)

~ normal(15,2)

~ normal(1.9,0.2)

~ normal(7.5, 1)

~ normal(11.1,1)

~ normal(0, 0.1)

~ normal(0, 0.1)

~ normal(1, 0.05)

~ normal(0.45, 0.01)

~ normal(1,0.1)
<1

~ exponential(0.1)

Prior informed by analysis of CO-CIN data

Prior informed by analysis of CO-CIN data

Delay is assumed to follow a gamma
distribution with shape parameter 0.71. Prior
and shape of distribution informed by
analysis of CO-CIN data.

Delay is assumed to follow a gamma
distribution with shape parameter 1.91. Prior
and shape of distribution informed by
analysis of CO-CIN data.

Based on Salje et al.'?, we assumed that the
basic shape of the age-specific probability of
hospitalisation given infection was
logistic(—=7.37 + 0.068a), where a is the
individual’s age in years. This overall
relationship is then adjusted according to the
hosp rlo parameter.

We fit a spline to CO-CIN data on hospital
admission and ICU admission by age to
derive the basic age-specific probability of
ICU admission, which was then adjusted
based onthe icu rlo parameter.

Based on Levin et al.%, we assumed the
basic shape of the age-specific infection
fatality ratio of SARS-CoV-2 was
logistic(—=7.56 + 0.121a) (see entry for
hosp rlo). This is multiplied by cfr rel to
adjust the fatality rate for each region.

Based on CO-CIN data'4, we estimated that
the mortality rate of COVID-19 decreased by
approximately 55% by September 2020
relative to the beginning of the year. The
product of cfr_rel and cfr_rel2 gives
the mortality rate by September. Specifically,
the IFR is multiplied by a factor asc(t/
366,cfr_rel,cfr_rel x

cfr_rel2,—2.9,7.8) where t is the time in days
since 1 January 2020.

To capture continued low incidence of SARS-
CoV-2 infection in spite of rising contact rates
as shown by mobility data and social contact
surveys, we assume that the effective
contact rate over time is multiplied by a factor



contact_sl

concentrationl

concentration2

concentration3

sep_boost

sep_when

Parameter for curve specified by
contact_ final

Increased contact among young
people in July

Increased contact among young
people in August

Increased contact among young
people from September

Increase in transmission around
1 September 2020

Date of increase in transmission

~ exponential(0.1)

~

>

~

>

~

>

normal(2,0.5)
2

normal(2, 0.4)
2

normal(2,0.2)
2

normal(1, 0.05)

~ uniform(224, 264)
(i.e. 12 Aug-21 Sep)

asc(t/
366,1, contactsinq;, —contacts, contact,,) ,
where t is time in days since 1 January 2020.

Because initial increases in SARS-CoV-2
prevalence from July in England were
especially apparent in young people, we
allow increases in mobility to be more
emphasized in young people starting from
July. We model a relative contact-rate
multiplier for individuals of age a as beta(a/
100la = 0.2(k—2)+ 1,8 =08k —2) + 1),
where Kk is the concentration parameter and
beta is the beta distribution probability
density function. This gives flat contact rates
across age groups when k = 2, and relatively
higher contact rates in individuals around age
20 when k > 2.

After the date specified by sep when,
transmission is multiplied by the factor
sep_boost. This is to capture a sudden
increase in transmission rates observed
around 1 September in England.



Table S2. Model parameters not subject to fitting.

Parameter Description Value Notes
dg Latent period (E to lp and E to Is; days) ~ gamma(u = 2.5,k = 4) Set.to 2.5s0 that.incubation
period (latent period plus
period of preclinical
infectiousness) is 5 days @
dp Duration of preclinical infectiousness (lp to Ic; ~ gamma(u = 2.5,k = 4) Assu_med to be half the
days) duration of total
infectiousness in clinically-
infected individuals *°
dc Duration of clinical infectiousness (Ic to R; days) ~ gamma(u = 2.5,k = 4) Infectious periqd set tq 5
days, to result in a serial
interval of approximately 6
day315—17
dg Duration of subclinical infectiousness (Is to R; ~ gamma(u = 5.0,k = 4) Assumed to be the same
days) duration as total infectious
period for clinical cases,
including preclinical
transmission
v Probability of clinical symptoms given infection Estimated from case u
for age group i distributions across 6 countries
f Relative infectiousness of subclinical cases 50% Assumed®!!
Cij Number of age-j individuals contacted by an UK-specific contact matrix 2
age-i individual per day, prior to changes in
mobility
N; Number of age-i individuals From demographic data 18
At Time step for discrete-time simulation 0.25 days
P(ICU); Proportion of hospitalised cases that require Estimated from CO-CIN data 14
critical care for age group i
Wy Waning rate of seropositivity 224 days™ Estimated from serology data
loSposp Length of stay in hospital ~ lognormal(y,,q = 11.08, Estimated from CO-CIN
0109 = 1.20) data
10S;icy Length of stay in ICU ~ lognormal (.5 = 13.33, Estimated from CO-CIN
log = 1.25) data'*
detect,, Delay from hospital admission to SARS-CoV-2 detect, = 14 To capture substantial delays
detect;, test detect; =1 in testing at the beginning of
detect,, detecty, = 5.86 the epidemic in the UK, we
detecty, detect;, = 33.4 assume that the delay from

hospital admission to
confirmed SARS-CoV-2
infection is asc(t/

366, detect,, detect,,
—detect,,, detect,,) , where t
is time in days since 1
January 2020. Estimated
from a previous round of
model fitting.
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Fig. S4. Projected impact of the enacted lockdown in England. The effective reproduction
number Rt, as well as the daily incidence of deaths and hospital admissions and the daily
prevalence of occupied hospital and ICU beds is contrasted across seven NHS regions for
three different scenarios: (i) tiered restrictions only, (ii) lockdown with schools open, (iii)
lockdown with schools closed. Lockdowns extend from 5 November to 2 December 2020
inclusive. Lines and shaded ribbons give the median and 95% credible interval for plotted
guantities, while the shaded background area shows the lockdown period. Step changes in Rt
show the introduction or relaxation of tiered restrictions and lockdown measures.
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Fig. S5. Contrasting alternative intervention strategies for the lockdown as enacted in
England. (a) Type of intervention: baseline epidemic (“Baseline”), tiered restrictions only
(“Tiers”), or lockdowns (Ld N/o, etc.; see Fig 3, main text). (b) Duration of lockdown: with tiered
restrictions in place, commencing on 5 November 2020, lockdowns with durations from 0
weeks (No lockdown) to 6 weeks are contrasted. (c) Timing of lockdown: four-week lockdowns
starting up to four weeks before or two weeks after 5 November 2020 are contrasted. See Fig.
3, main text.

Validation of model predictions

To examine our model’s explanatory ability, we assessed our model predictions for when
regions of England should pass into higher tiered restrictions using a governmental database
of local non-pharmaceutical interventions (Fig. S6) and compared our model predictions for
mobility changes resulting from the imposition of interventions to Google Mobility indices (Fig.
S7).

To examine our model’s predictive accuracy, we used our estimates for the impact of the
second lockdown in England on mobility indices to project our fitted model forward to 7
December 2020, comparing the model predictions to updated data up to this date (Fig. S8).
This projection uses the same model fit as our main analysis, fitting to data up to 13 October
2020, and from 14 October onwards allows our estimated effects of tiered restrictions and of
a four-week lockdown starting on 5 November 2020 to determine model behaviour. The model
overestimates ICU bed occupancy during the months of October and November 2020, which
may correspond to a sharp decrease in the proportion of hospitalised patients admitted to ICU
in these months, according to an analysis of CO-CIN data (Fig. S9).
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model predicted mobility indices for each NHS region across four classes of mobility index,
using our estimates for the effect of lockdown in England, while the thin solid lines show actual
data from Google Mobility for each NHS region. Of note are the substantial changes in
movement in the week prior to lockdown, which can partly be accounted for by a half-term
break from school during this week. Our model accounts for there being no school contacts
during school breaks, but does not account for any decreases in workplace and transit station
mobility, or increases in grocery and pharmacy and retail and recreation mobility, which are
often associated with school breaks.
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Fig. S8. Comparison of model-predicted versus actual health burdens, PCR positivity, and
seropositivity following tiered restrictions and lockdown in England. The dashed lines show
the last day of mobility data used by our model; everything forward of this line is a forecast
based on the imposition of tiered restrictions on 14 October 2020 and the imposition of a
national lockdown on 5 November 2020. Model forecasts are shown to 7 December
2020. Note that deaths data are updated retrospectively since deaths can be reported up to
a week later than the date the death occurred, so the last data points for deaths shown here
are underestimates.
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Fig. S9. Changes over time in the proportion of patients hospitalised with COVID-19 who are
admitted to ICU, from CO-CIN data (United Kingdom). Our overestimation of ICU occupancy
(Fig. S8) is partly explained by a substantial decrease in the ICU admission rate over October,

which our model could not have predicted.
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Assumptions around peak of infectiousness

There is evidence that the peak of infectiousness in symptomatic individuals occurs around
symptom onset!®. Although we phrase our model assumptions in terms of a constant
infectiousness over each individual's infectious period, our model can be interpreted as
assuming a peak of infectiousness around the onset of symptoms. That is because while we
assume that the average durations of pre-symptomatic and symptomatic infectiousness are
each 2.5 days, our model allows for variation among individuals in the duration of these two
periods. So, while the infectiousness of any one individual is constant over the duration of their
infectious period, when infectiousness is averaged over the population of infectious
individuals—who each have different durations of infectiousness—infectiousness is bell-
shaped with a peak around the time of symptom onset.

A recent preprint by Ferretti et al.'° estimates the distribution of infectiousness relative to the
time of symptom onset. We compared their distribution of infectiousness to the distribution of
infectiousness in our model, according to the assumptions outlined in the previous paragraph,
and find that our assumptions around the timing and duration of peak infectiousness are
consistent with theirs (Fig. S10).
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Fig. S10. Peak of infectiousness in our model when averaged across the population (black
line) compared to the distribution of infectiousness found by Ferretti et al.'? relative to the time
of symptom onset (TOST, time from onset of symptoms to transmission = 0).
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Supplementary figures and tables
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Fig. S11. PCR positivity from model fitting. This is an enlarged version of PCR positivity from
Fig. 1, main text. Vertical bars represent 95% confidence intervals for data, horizontal bars
represent span of dates measured.
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Fig. S12. Posterior distributions from model fitting, pt. 1. See Table 2 for parameter definitions
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Fig. S14. Model fits to data up to specific dates. These were six-week medium-term
projections prepared for SPI-M*° using the model described in this paper and fitted to data up
to the date shown in the legend. Shaded areas show 95% projection intervals. Note that there
have been small changes in methodology over time as the model is continually under
development. The black lines are the data.
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Fig. S15. No tiered restrictions versus tiered restrictions introduced on 14 October 2020. The
effective reproduction number Rt, as well as the daily incidence of deaths and hospital
admissions and the daily prevalence of occupied hospital and ICU beds is contrasted across
seven NHS regions. Lines and shaded ribbons give the median and 95% credible interval for
plotted quantities. Step changes in Rt show the introduction or relaxation of tiered restrictions.
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Fig. S16. Projected impact of a Northern Ireland-type lockdown, with and without schools
open. The effective reproduction number Rt, as well as the daily incidence of deaths and
hospital admissions and the daily prevalence of occupied hospital and ICU beds is contrasted
across seven NHS regions. Lockdowns extend from 5 November to 2 December 2020. Lines
and shaded ribbons give the median and 95% credible interval for plotted quantities, while the
shaded background area shows the lockdown period. Step changes in Rt show the
introduction or relaxation of tiered restrictions and lockdown measures.
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Fig. S17. Region-specific alternative scenarios. These show region-specific values for the
scenarios compared in Fig. 3 of the main text. Points and line ranges show median and 95%
projection intervals.
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Fig. S18. Alternative scenario: tiered restrictions only versus lockdown, with seasonality. The
effective reproduction number Rt, as well as the daily incidence of deaths and hospital
admissions and the daily prevalence of occupied hospital and ICU beds is contrasted across
seven NHS regions. Lockdowns extend from 5 November to 2 December 2020. Lines and
shaded ribbons give the median and 95% credible interval for plotted quantities, while the
shaded background area shows the lockdown period. Step changes in Rt show the
introduction or relaxation of tiered restrictions and lockdown measures.

25



East of England London Midlands North East and Yorkshire North West South East South West

0.5

Rt

0.0
150

600

b S P A e be

1000

0

Admissions Deaths
o 3

Hospital beds

ICU beds

Oct Nov Dec Jan FebMar AprOct Nov Dec Jan FebMar AprOct NovDec Jan FebMar AprOct Nov Dec Jan FebMar AprOct Nov Dec Jan FebMar AprOct Nov Dec Jan FebMar AprOct Nov Dec Jan FebMar Apr

#= Tiers + waning immunity == Lockdown + waning immunity

Fig. S19. Alternative scenario: tiered restrictions only versus lockdown, with waning immunity.
The effective reproduction number Rt, as well as the daily incidence of deaths and hospital
admissions and the daily prevalence of occupied hospital and ICU beds is contrasted across
seven NHS regions. Lockdowns extend from 5 November to 2 December 2020. Lines and
shaded ribbons give the median and 95% credible interval for plotted quantities, while the
shaded background area shows the lockdown period. Step changes in Rt show the
introduction or relaxation of tiered restrictions and lockdown measures.
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Fig. S20. Alternative scenario: tiered restrictions only versus lockdown, with seasonality and
waning immunity. The effective reproduction number Rt, as well as the daily incidence of
deaths and hospital admissions and the daily prevalence of occupied hospital and ICU beds
is contrasted across seven NHS regions. Lockdowns extend from 5 November to 2 December
2020. Lines and shaded ribbons give the median and 95% credible interval for plotted
guantities, while the shaded background area shows the lockdown period. Step changes in Rt
show the introduction or relaxation of tiered restrictions and lockdown measures.
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Table S3. Region-specific results, baseline scenario (no tiered restrictions, no
lockdown). Burdens are summed over the period from 1 Oct 2020 to 31 March 2021. Weeks
of high ICU occupancy is calculated by measuring the number of weeks in each region where
ICU occupancy is 50% or greater than the peak occupancy during the first wave. Medians and
95% projection intervals shown.

Indicator England East of London Midlands North East and | North West [ South East [ South West
England Yorkshire

Admissions 280,000 26,200 43,700 50,300 54,000 (49,600 | 47,400 32,400 25,800
(274,000 - (24,600 - (41,900 - (48,700 - - 58,000) (45,900 - (31,000 - (24,000 -
287,000) 28,000) 46,500) 52,600) 49,800) 34,800) 27,700)

Deaths 58,500 (55,800 | 6,360 (5,590 | 4,730 (4,190 (10,800 (9,840 (13,400 (11,900 | 10,300 6,910 (6,100 | 5,840 (5,320
- 61,100) - 6,930) - 5,280) - 11,700) - 15,000) (9,530 - - 8,110) - 6,580)

11,300)

Peak ICU (rel. 168% (162 - 207% (190 - [101% (94 - [ 168% (156 - | 287% (269 - 212% (202 - | 140% (126 - | 403% (360 -

L)) 174%) 233%) 108%) 176%) 312%) 231%) 1549%) 452%)

Peak ICU 5,000 (4,840 - | 561 (515 - 1,170 (1,080 | 733 (681 - 886 (832 - 966) | 755 (720 - 495 (445 - 393 (351 -

requirement 5,170) 631) -1,240) 769) 822) 544) 442)

Weeksin Tier2 |0(0-0) 0(0-0) 0(0-0) 0(0-0) 0(0-0) 0(0-0) 0(0-0) 0(0-0)

Weeks in Tier 3 0(0-0) 0(0-0) 0(0-0) 0(0-0) 0(0-0) 0(0-0) 0(0-0) 0(0-0)

Weeks in 0(0-0) 0(0-0) 0(0-0) 0(0-0) 0(0-0) 0(0-0) 0(0-0) 0(0-0)

lockdown

Weeks of high 14.8 (14.7 - 149 (144- |109(10.6- |15.3(15- 16.7 (16 -17) |14.9(14.6- |13.9(13.4- |19.1(18.4-

ICU occupancy 15) 15.1) 11.3) 15.6) 15) 14.4) 19.6)
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Table S4. Region-specific results, tiered restrictions only. Burdens are summed over the
period from 1 Oct 2020 to 31 March 2021. Weeks of high ICU occupancy is calculated by
measuring the number of weeks in each region where ICU occupancy is 50% or greater than
the peak occupancy during the first wave. Lockdowns are assumed to run from 5 November
— 2 December 2020 inclusively. Medians and 95% projection intervals shown.

Indicator England East of London Midlands North East and | North West [ South East [ South West
England Yorkshire

Admissions 238,000 22,400 37,700 44,500 43,900 (39,300 | 38,800 28,600 22,000
(231,000 - (21,100 - (35,300 - (42,500 - - 47,500) (37,300 - | (26,900- | (20,000 -
245,000) 23,500) 41,000) 48,600) 41,000) 31,600) 23,500)

Deaths 48,600 (46,400 | 5,360 (4,760 | 4,020 (3,540 | 9,430 (8,570 - | 10,600 (9,410 - | 8,260 (7,720 |5,880 (5,260 | 4,900 (4,390
- 50,700) - 5,820) - 4,570) 10,600) 11,900) - 8,970) - 7,450) - 5,470)

Peak ICU (rel. 131% (128 - 157% (147 - | 80% (76 - 144% (136 - | 205% (191 - 154% (147 - | 119% (107 - | 305% (276 -

L)) 135%) 175%) 86%) 151%) 221%) 170%) 1319%) 344%)

Peak ICU 3,900 (3,800 - | 426 (398 - 926 (879 - 629 (596 - 635 (592 - 685) [ 550 (525 - 419 (377 - 298 (269 -

requirement 4,010) 473) 998) 660) 605) 460) 336)

Weeks in Tier 2 11.4 (10 - 12 (7.85 - 13.1(10.4- |[12.6(9.43 - 10 (5.71-10.7) | 8.57 (4.57 - |16 (9.43 - 12.1(7.71 -
12.7) 12.6) 16) 16) 9) 16) 13.1)

Weeks in Tier3 |4 (2.96-5.03) |4 (4-8) 4(0-4) 4(0-4) 4(4-8) 4(4-8) 0(0-4) 4(4-8)

Weeks in 0(0-0) 0(0-0) 0(0-0) 0(0-0) 0(0-0) 0(0-0) 0(0-0) 0(0-0)

lockdown

Weeks of high 14.6 (14.3 - 149 (143- |9.57(8.86- |14.9(14.3- 17 (15.7-17.7) | 14.7 (14 - 13.3(12.4- |20.1(18.9 -

ICU occupancy 14.9) 15.3) 10.4) 15.6) 15.1) 14.3) 20.7)
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Table S5. Region-specific results, Northern Ireland-type lockdown with schools open.
Burdens are summed over the period from 1 Oct 2020 to 31 March 2021. Weeks of high ICU
occupancy is calculated by measuring the number of weeks in each region where ICU
occupancy is 50% or greater than the peak occupancy during the first wave. Lockdowns are
assumed to run from 5 November — 2 December 2020 inclusively. Medians and 95% projection
intervals shown.

Indicator England East of London Midlands North East and | North West [ South East [ South West
England Yorkshire

Admissions 206,000 20,300 33,400 37,100 37,700 (34,400 (32,900 24,200 20,300
(199,000 - (18,600 - (31,100 - (34,400 - - 40,200) (31,700 - (21,000 - (17,200 -
213,000) 22,000) 36,800) 39,600) 34,900) 27,300) 22,500)

Deaths 41,500 (39,600 | 4,830 (4,190 | 3,570 (3,160 (7,740 (6,950 - [ 9,040 (7,980 - | 6,950 (6,440 |4,910 (4,060 | 4,460 (3,670
- 43,400) -5,320) - 4,090) 8,490) 9,960) - 7,690) - 5,970) -5,110)

Peak ICU (rel. 96% (93 - 102% (91 - [ 50% (45 - 98% (87 - 183% (173 - 152% (144 - | 75% (61 - 226% (180 -

W1) 102%) 115%) 57%) 105%) 196%) 166%) 88%) 263%)

Peak ICU 2,870 (2,760 - | 276 (246 - 574 (516 - 427 (378 - 566 (534 - 606) | 542 (511 - 265 (215 - 221 (176 -

requirement 3,040) 313) 660) 459) 591) 309) 256)

Weeks in Tier 2 12 (10.8 - 139(136- |[175(13.7- |11.1(11- 6.29 (5.43 - 0.714 (0.429 |15.7 (12.4- |17 (13.6 -
13.3) 17.7) 17.9) 15.1) 10.6) - 4.86) 17.3) 17.3)

Weeks in Tier 3 0.477 (0.368 - | 0(0-0) 0(0-0) 0(0-0) 1(0.429-1.71) | 2.57 (2.14- |0(0-0) 0(0-0)
0.575) 2.71)

Weeks in 3.86 (3.86 - 3.86(3.86- |3.86(3.86- |3.86(3.86- 3.86 (3.86 - 3.86 (3.86 - |3.86(3.86- |3.86(3.86 -

lockdown 3.86) 3.86) 3.86) 3.86) 3.86) 3.86) 3.86) 3.86)

Weeks of high 137(129- |184(17.7- |0(0-6.44) |164(147- |173(157- 119(11.1- |121(871- |21.7(214-

ICU occupancy 14.7) 19.2) 17.4) 18.3) 12.3) 17.1) 22)
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Table S6. Region-specific results, Northern Ireland-type lockdown with schools closed.
Burdens are summed over the period from 1 Oct 2020 to 31 March 2021. Weeks of high ICU
occupancy is calculated by measuring the number of weeks in each region where ICU
occupancy is 50% or greater than the peak occupancy during the first wave. Lockdowns are
assumed to run from 5 November — 2 December 2020 inclusively. Medians and 95% projection
intervals shown.

Indicator England East of London Midlands North East and | North West [ South East [ South West
England Yorkshire

Admissions 177,000 16,700 29,200 31,700 31,800 (28,700 (28,800 20,100 18,400
(171,000 - (15,400 - (27,500 - (30,100 - - 34,200) (27,900 - (18,400 - (15,600 -
181,000) 18,300) 32,000) 33,700) 30,100) 22,900) 20,400)

Deaths 34,900 (33,500 | 3,850 (3,380 | 3,090 (2,700 | 6,430 (5,950 - [ 7,450 (6,600 - | 6,010 (5,620 3,980 (3,440 | 3,960 (3,360
- 36,700) - 4,250 -3,500) 7,200) 8,350) - 6,580) - 4,700) - 4,500)

Peak ICU (rel. 88% (85 - 83% (77 - 41% (38 - 92% (82 - 174% (165 - 150% (142 - | 65% (56 - 208% (168 -

Wi1) 91%) 96%) 48%) 98%) 188%) 163%) 77%) 236%)

Peak ICU 2,610 (2,520 - | 225 (209 - 476 (441 - 400 (360 - 540 (509 - 581) [ 533 (506 - 229 (198 - 203 (164 -

requirement 2,720) 261) 553) 427) 580) 270) 230)

Weeks in Tier 2 8.48 (8.16 - 13.9(134- (139(134- |3.14(3.14- 2.14 (1.43 - 0.571(0.429 |12.7 (11.1- |15.1 (13-
8.84) 14.3) 15.6) 3.14) 2.71) -1) 13.4) 16.4)

Weeks in Tier 3 0.471 (0.358 - |0(0-0) 0(0-0) 0(0-0) 1(0.429-1.71) | 2.57 (2.14- |0(0-0) 0(0-0)
0.574) 2.71)

Weeks in 3.86 (3.86 - 3.86(3.86- |3.86(3.86- |3.86(3.86- 3.86 (3.86 - 3.86 (3.86 - |3.86(3.86- |3.86(3.86 -

lockdown 3.86) 3.86) 3.86) 3.86) 3.86) 3.86) 3.86) 3.86)

Weeks of high 9.45(9.12 - 149(13.1- (0(0-0) 7 (6.29 - 8.29) | 10.9 (10.4 - 10 (9.57 - 8.14 (6.26 - (21.7(21.4-

ICU occupancy 9.95) 16.7) 11.9) 10.3) 9.43) 22)
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Table S7. Region-specific results, Wales-type lockdown with schools open. Burdens are
summed over the period from 1 Oct 2020 to 31 March 2021. Weeks of high ICU occupancy is
calculated by measuring the number of weeks in each region where ICU occupancy is 50% or

greater than the peak occupancy during the first wave. Lockdowns are assumed to run from
5 November — 2 December 2020 inclusively. Medians and 95% projection intervals shown.

Indicator England East of London Midlands North East and | North West [ South East | South West
England Yorkshire

Admissions 186,000 18,500 31,100 32,700 34,500 (31,700 {29,900 20,700 17,900
(179,000 — (16,900 — (28,900 - | (30,900 - - 37,600) (28,500 | (18,400— | (15,300 -
193,000) 20,000) 35,100) 35,100) 31,800) 23,800) 20,100)

Deaths 36,800 (34,900 | 4,340 (3,760 | 3,270 (2,870 | 6,730 (6,040 — | 8,180 (7,230 - | 6,260 (5,860 | 4,100 (3,540 | 3,800 (3,040
- 38,800) —4,760) -3,790) 7,390) 9,190) - 6,940) -4,910) —4,400)

Peak ICU (rel. 90% (85 — 88% (80 — 44% (40— | 91% (83 - 176% (166 — | 150% (142 — [ 66% (57 — | 208% (164 —

L)) 94%) 101%) 52%) 99%) 192%) 163%) 79%) 235%)

Peak ICU 2,670 (2,540 — | 239 (217 - 507 (462 — 399 (363 — 543 (512 - 534 (506 - (232 (201- | 203 (160 -

requirement 2,810) 273) 601) 434) 593) 579) 278) 229)

Weeks in Tier 2 8.95 (8.28 - 14 (13.6 - 166 (13.6- (3.14(3.14- |2.14(1.43- 0.571 (0.429 | 129 (11.1 - | 144 (13-
9.62) 17.9) 18) 7.14) 2.72) -1 14.6) 16)

Weeks in Tier3 | 0.473 (0.354— |0 (0-0) 0(0-0) 0(0-0) 1(0.429 - 257 (2.14— [0(0-0) 0(0-0)
0.565) 1.71) 2.71)

Weeks in 3.86 (3.86 - 3.86(3.86— |3.86(3.86— |3.86(3.86— |[3.86(3.86- 3.86(3.86— |3.86(3.86— |[3.86(3.86—

lockdown 3.86) 3.86) 3.86) 3.86) 3.86) 3.86) 3.86) 3.86)

Weeks of high 11.3(103- [204(173- |0(0-33) |[743(643- |[168(121- [103(10- |871(671— |21.7(21.4—

ICU occupancy 12.7) 20.7) 15.3) 19.9) 10.9) 10.4) 22)
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Table S8. Region-specific results, Wales-type lockdown with schools closed. Burdens
are summed over the period from 1 Oct 2020 to 31 March 2021. Weeks of high ICU occupancy
is calculated by measuring the number of weeks in each region where ICU occupancy is 50%
or greater than the peak occupancy during the first wave. Lockdowns are assumed to run from
5 November — 2 December 2020 inclusively. Medians and 95% projection intervals shown.

Indicator England East of London Midlands North East and | North West [ South East | South West
England Yorkshire

Admissions 157,000 15,000 27,300 26,800 28,300 (25,800 | 26,500 17,500 15,500
(152,000 - (13,600 - (25,600 - (25,100 - - 30,800) (25,400 - | (15500- | (13,400 -
163,000) 16,400) 30,100) 28,600) 28,000) 19,300) 17,600)

Deaths 30,300 (29,000 | 3,370 (2,930 | 2,850 (2,490 | 5,400 (4,840 - | 6,590 (5,840 - |5,490 (5,170 | 3,380 (2,890 | 3,220 (2,770
- 31,900) - 3,780) - 3,250) 5,940) 7,430) - 6,020) - 3,920) - 3,820)

Peak ICU (rel. 87% (83 - 84% (77 - 41% (37 - 89% (78 - 172% (163 - 149% (142 - | 66% (54 - 207% (166 -

L)) 91%) 95%) 47%) 95%) 187%) 162%) 76%) 231%)

Peak ICU 2,590 (2,480 - | 227 (208 - 470 (432 - 388 (342 - 531 (505 - 579) [ 531 (507 - 232 (192 - 203 (162 -

requirement 2,710) 259) 538) 414) 576) 267) 226)

Weeks in Tier 2 7.46 (7.11 - 121 (11.3- |13.6(12.6- |3.14(3.14- 2.14 (1.43 - 0.571 (0.429 |10 (8.14 - 11.7 (10.6 -
7.78) 13.1) 14) 3.14) 2.71) -1 11.7) 13.2)

Weeks in Tier 3 0.473 (0.346 - | 0(0-0) 0(0-0) 0(0-0) 1(0.429-1.71) | 2.57 (2.14- |0(0-0) 0(0-0)
0.575) 2.71)

Weeks in 3.86 (3.86 - 3.86(3.86- |3.86(3.86- [3.86(3.86- [3.86(3.86- 3.86(3.86- |3.86(3.86- |[3.86(3.86-

lockdown 3.86) 3.86) 3.86) 3.86) 3.86) 3.86) 3.86) 3.86)

Weeks of high 792(751- |11.6(10.1- |0(0-0) 6(5.43-6.44) | 9.71 (9.43-  |9.43(9.14- |557(3.71- |18.4(16.7 -

ICU occupancy 8.38) 13.3) 10.1) 9.71) 6.86) 22)
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Table S9. Projected cumulative proportion of the population ever infected with SARS-CoV-2

(attack rate) in the absence of tiers or lockdown, up to 31 March 2021.

Region Attack rate
East of England | 38% (38 - 38%)
London 46% (46 - 46%)
Midlands 37% (37 - 37%)
North East and 40% (40 - 40%)
Yorkshire

North West 41% (41 - 41%)
South East 36% (36 - 36%)
South West 35% (35 - 35%)
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